Abstract A rapid increase in the use of ground source heat pump (GSHP) systems for heating and cooling of buildings potentially threatens to harm shallow groundwater quality. As a necessary preliminary step toward evaluating GSHP impact on shallow groundwater quality, this study used multivariate statistical analyses to investigate characteristics of trace elements in groundwater in Fuchu city in western Tokyo Metropolis. Water samples were collected twice a month from two aquifers at 30-and 45-m depths using four observation wells for more than a year. Concentrations of 14 trace elements (Li, B, Al, Cr, Mn, Fe, Ni, Cu, As, Se, Sr, Cd, Sb, and Pb) and Si as well as oxidation-reduction potential (ORP), dissolved oxygen (DO), electrical conductivity (EC), and pH were measured. All elements were under the environmental water quality criteria issued by the Japanese Ministry of the Environment. No clear seasonal trends were observed in the concentrations of 15 elements in groundwater. Principal component analyses showed the element properties were well characterized by three principal components (PC). PC1, which represents the more mobile trace elements in the groundwater, consisted of Li, B, Mn, Fe, As, and Si. PC2 included Al, Ni, Cd, and Sb, and represents ORPinsensitive properties. PC3 consisted of Pb, Cu, and Se, which are less mobile in groundwater. Samples collected from the same aquifer had high similarity in distribution and variation of the trace elements. This study proposes a useful statistical platform for assessing future effects of GSHP systems on shallow groundwater quality.
Introduction
As a part of the effort to reduce electricity consumption and CO 2 gas emission, the use of ground source heat pump (GSHP) systems for heating and cooling buildings has received a lot of attention recently as they are much more energy efficient than conventional air source heat pump systems (Komatsu 2012) . Groundwater hereby is viewed not only as a water supply resource, but also as an effective heat source/sink. At the same time, there have been some concerns that groundwater quality may be deteriorated due to changes in groundwater temperature (Saito et al. 2014) . Understanding the controls and characteristics of the groundwater quality in areas where GSHP will be installed is essential to ensure sustainable GSHP use and to minimize the effect on subsurface environment from potential temperature changes.
It is believed that a large city with ample groundwater, like Tokyo, has high potential for ground source heat usage. Groundwater in Tokyo has been one of the most important natural resources (Endo 1992) . Recently, several issues on the pollution of pharmaceutical products, surfactants, and nitrogen have been reported in groundwater in Tokyo (Kuroda and Fukushi 2008; Murakami et al. 2009; Kuroda et al. 2011) . On the other hand, the occurrence of trace elements in groundwater in Tokyo has still rarely been reported although this has been an issue for a long time in many Asian countries such as Vietnam (Nga 2008) , Cambodia (Luu et al. 2009; Phan et al. 2013) , Bangladesh, India, and China (Akai and Anawar 2013) .
The chemical composition of groundwater is controlled by many factors and complex processes such as geochemical reactions, groundwater flow, and human activities, which disturb the hydrological cycle and cause groundwater pollution (Hem 1989) . Each trace element behaves very differently depending upon its chemical properties, origin, and the groundwater physico-chemical characteristics. In order to understand the relationship and underlying common characteristics among trace elements, an appropriate data analysis technique is necessary. Multivariate analyses such as factor analysis and/or cluster analysis have been applied extensively to analyze groundwater quality data including major ions (Stetzenbach et al. 1999; Kim et al. 2005; Lee et al. 2008; Shyu et al. 2011 ) and trace elements (Stetzenbach et al. 1999; Farnham et al. 2003 ; Koonce et al. 2006; Chen et al. 2007 ). These techniques can simplify and clarify the groundwater quality data by reducing a number of variables into a small number of factors, hereby extracting meaningful information regarding the environmental aquatic chemistry. For example, Cruz and Silva (2000) found that silicate mineral dissolution was one of the main factors responsible for the chemical composition in groundwater in Pico Island, Portugal. As most studies investigate the groundwater quality only one time or twice at most, the temporal behavior of the groundwater quality has not been well studied. Chen et al. (2007) found that concentrations of V, Mn, Co, Ni, Cu, Ga, Ge, Mo, Ba, W, and Pb were relatively higher during the summer and lower during the winter in a coastal area of Shenzhen, China. Such temporal variation indicates that assessing at a given specific time only may lead to inaccurate information on behavior and distribution of the elements in groundwater.
In summary, there is still a lack of knowledge on concentration levels and temporal variation of trace elements in groundwater in western Tokyo. This study therefore aims to address those knowledge gaps. We focused on the behavior of trace elements in groundwater in Fuchu city, Tokyo Japan prior to the operation of GSHP systems. First, we investigated the occurrence and temporal variation of trace elements in shallow confined aquifers. Second, we used standard multivariate statistical analysis techniques such as a principal component analysis (PCA) and a hierarchical cluster analysis (HCA) to characterize the physicochemical properties of the trace elements and to demonstrate relationships among the trace elements and factors controlling the distribution of those trace elements.
Materials and methods

Experimental site description
In this study, four 50-m observation wells, namely W1 to W4, were installed at the campus of Tokyo University of Agriculture and Technology in Fuchu city located in western Tokyo Metropolis, Japan (Figs. 1, 2a) . Groundwater in Fuchu city is known as a good water supply source for drinking water, daily life use, irrigation and local factories. The geology of the area is characterized by the Musashino Terrace, which covers the northern part of Tama River (Endo 1992) (Fig. 1) . The west end of Tokyo Metropolis is the Kanto Mountains composed of pre-tertiary rocks, while to the south is the hilly Kanagawa prefecture. The elevation of Fuchu is about 30-80 m above the mean sea level. Groundwater in shallow confined aquifers is originated from the Kanto Mountains in Kanagawa prefecture and Tama River (Endo and Ishii 1984; Endo 1992; Imaizumi et al. 2000) . Stratigraphy of the study area consists of two groups: the upper Tokyo group and the lower Kazusa group (Endo 1992) . The Tokyo group consists with a 3-5-m thick Kanto loam layer (mainly volcanic ash soil) on top followed by unconsolidated layers of silt, sand, and gravel (Fig. 2b) . The gravel layers function as confined aquifers throughout the terrace and the lowland. The aquifers from which groundwater has been collected in this study are therefore located in the Tokyo group. The geochemical composition and the detail soil profiles of subsurface soil layers can be seen in Fig. 2b .
The well W1 was installed in June 2011, while W2 and W3 were installed in February 2012 (Fig. 2a) . The well W4 was installed more recently in August, 2012 (Fig. 2a) . The wells were installed to examine the effect of operating a GSHP system on the groundwater quality in the area. Prior to operating the GSHP system, the groundwater quality was monitored for more than a year. Undisturbed soil core samples were collected from W1, W3, and W4 while drilling the wells. There are three gravel layers correspond to three main aquifers. While the first aquifer at 7-10-m depth is an unconfined aquifer, the other two at 33-m (C1) and 44-m depths (C2) in W1 or 38-m (C1) and 50-m depths (C2) in W3, respectively, are confined aquifers as there are impermeable silt layers on top of both gravel layers (Fig. 2b) . Elements in core samples were determined using X-ray florescence analysis. Si, Al, Fe, Mn, and Ca were 50.2, 7.8, 9.1, 0.2 and 2.4 % in C1 core samples and 48.0, 6.2, 9.4, 0.2 and 5.0 % in C2 core samples, respectively.
Analysis of groundwater samples
Oxidation-reduction potential (ORP), dissolved oxygen (DO), electrical conductivity (EC), pH, and concentrations of 15 elements in the C1 and C2 aquifers were measured from groundwater samples collected from each observation well. To isolate each aquifer inside each observation well, inflatable rubber packers were installed as shown in Fig. 2b . A constant air pressure of 0.7 MPa was maintained inside each packer to ensure sealing. A 1-m long screen with an aperture ratio of 30 % was placed at the center of each confined aquifer (Fig. 2b) . A stainless standpipe with an inner diameter of 20 mm was then connected all the way to the surface. Water levels and groundwater temperatures were measured every 10 min by placing a compact sensor (Micro Diver; Schlumberger, USA) at the depth of the screen inside the stainless standpipe. Water samples were collected from the stainless standpipe from each aquifer using a 1-m long stainless-steel bailer twice per month unless otherwise mentioned. The ORP, DO, EC and pH were measured immediately after water samples were collected using a portable water quality meter WQC-24 (DKK-TOA Corporation, Japan) on site. Water samples used to measure trace element concentrations were passed through a 0.2-lm filter (DISMIC Ò -25cs; Toyo Roshi Kaisha Ltd., Japan) before storing in polyethylene bottles. Bottles were then kept at 4°C until the analysis. The samples were acidified with HNO 3 acid (100 ll 60 % HNO 3 per 5 ml water sample) to free up ions. Concentrations of 15 elements, Li, B, Al, Cr, Mn, Fe, Ni, Cu, As, Se, Sr, Cd, Sb, Pb, and Si, were determined by inductively coupled plasma mass spectrometry (ICPM-8500, Shimadzu Corporation, Japan). Prior to sampling, water in the standpipe was bailed out by the bailer at least 20 times in order to bring in fresh groundwater to the sampling well. We also examined the effect of stainless steel on elements concentrations in groundwater. Both deionized water and groundwater samples were exposed to the stainless steel for different durations of 0, 1, 3, 5, 15 and 30 min to simulate the contact between the bailer and water samples during sampling. The results indicated that there were insignificant changes in trace element concentrations in both the deionized water samples and the groundwater samples. All 
Statistical analysis
A time series statistical analysis was used to assess the temporal variation of silicate and trace element concentrations in groundwater. Autocorrelation between pair concentrations at a series of lags from 2 to 32 weeks at 2-week intervals was calculated. Ljung-Box statistic was also performed to ensure the significant of the lags. The autocorrelation values generally range from -1 to 1 indicating how strongly the element concentrations correlated after certain period of time in a year. In this study, we considered only the significant lags at p = 0.01 and the absolute correlation coefficients greater than 0.5 as an indication of a clear trend.
Multivariate statistical methods used in this study are not described in detail as these techniques are already well described in literature (Wold et al. 1987; Farnham et al. 2003; Chen et al. 2007) . In brief, a multivariate data analysis is a statistical technique to analyze complex data sets with multiple variables. It can simplify the data by reducing the dimensionality and can hereby provide meaningful underlying information from the original data. A principal component analysis (PCA) and a hierarchical cluster analysis (HCA) are two commonly used multivariate statistical techniques when analyzing groundwater chemistry data. PCA transforms all element concentrations into several principal components (PC) which express some common properties of the elements based on their similarity without losing information of the original data. Each PC is independent and expresses a dominant property of all trace elements in the same component. The loading value of each trace element represents its contribution to the PC. HCA, on the other hand, is a multivariate statistical technique that can classify a large data set into some clusters or some smaller groups based on similarities defined as Euclidean distances among variables (Shyu et al. 2011) . HCA has been used to split water sample data into a small number of groups that have similar hydro-geochemical characteristics (Farnham et al. 2003; Chen et al. 2007 ). In order to avoid the influence of spatial and temporal variations of element concentrations on the multivariate analysis output, PCA and HCA were conducted on all the element concentrations in groundwater samples collected from two aquifers in four wells during the monitoring period. In this study, PCA was conducted on a variable correlation matrix with a varimax rotation. Prior to the analysis, the concentration of each element was standardized using z-score with a mean and a standard deviation equal to 0 and 1, respectively. All the standardized values were confirmed to satisfy the recommended criteria of PCA and HCA such as correlation matrix, determinant, sampling adequacy (Kaiser-MeyerOlkin's test), and sphericity (Bartlett's test) prior to the analysis (Jolliffe 2002; Hinton 2004) . HCA used Ward's method (Ward 1963 ) with squared Euclidean distances for classifying standardized element concentrations and groundwater samples. All analyses were performed using Statistical Package for Social Science (SPSS) version 21 (IBM, CA, USA).
Results and discussions
Groundwater level, temperature, rainfall ORP, EC, DO and pH Figure 3a shows depths to observed piezometric surfaces for two aquifers in wells W1-W4 and monthly rainfall during the monitoring period. The water levels in all wells gradually elevated in winter of 2011, while they stayed almost constant in 2012. This indicates that the water levels of the confined aquifers C1 and C2 are not directly influenced by precipitation. The water levels in the aquifers C1 and C2 behaved similarly indicating that the two aquifers may be hydrologically connected at some points although there is an apparent impermeable silt layer observed between two aquifers at the study site.
Groundwater level
Environmental factors
Groundwater temperatures stayed almost constant around 17°C for both aquifers during the monitoring period ( Fig. 3b ). This result allows us to omit discussions regarding temperature effects on trace element behavior in the aquifers. The results of DO, ORP, EC and pH measured for the two confined aquifers C1 and C2 are summarized in Fig. 4 . The groundwater appears to be neutral and slightly aerobic for the both aquifers. The aerobic condition was understandable because the study site is located very close to the groundwater sources such as Tama River and Kanto Mountains (Fig. 1) . The study site is located about 3.5 km from Tama River and 35 km from Kanto Mountains in Kanagawa prefecture (Endo and Ishii 1984; Endo 1992; Imaizumi et al. 2000) . The groundwater is therefore expected to be influenced by relatively high-DO content water from those water sources. Graves (1987) reported that DO in groundwater was usually highest at the time of recharge because it was formed from meteoric or atmospheric oxygen. The DO was then gradually decreased with the increase in residence time due to biochemical reactions (Graves 1987) , and, in such reactions, oxygen was always consumed and never produced (Wilson 1995) . The DO and ORP in the C2 aquifer were higher than those in the C1 aquifer in W1, W3, and W4 (Fig. 4) . The deeper aquifer (C2) is expected to have a lower DO than the shallower aquifer (C1), as oxygen is expected to be depleted in deeper aquifers. However, the trend was reversed in this study site, which could be subjected to differences in residence time in the two aquifers, i.e., the C2 aquifer may have a younger groundwater than the C1 aquifer. Groundwater flow rates observed for C1 and C2 at the beginning of the experimental period were 2.57 and 8.73 10
, respectively. The observed flow rates suggest that the residence time of groundwater in C1 was longer than that in C2.
Trace elements in natural groundwater in Fuchu Table 1 shows average trace element concentrations (lg L -1 ) in two aquifers, C1 and C2, from all four wells during the monitoring period. Temporal variations of trace elements are presented in Fig. 5 . The trace elements were detected in the aquifers with various concentration ranges. Si has the highest concentration (12-31 mg L -1 ), whereas the concentrations of Cd, Sb, and Pb were less than 3.3 lg L -1 . The Mn concentration ranged from below the detection limit (DL) to 302.5 lg L -1 . The Si concentrations in this study fall in a common range of 1-30 mg L -1 natural water (Hem 1989) . The mean concentration of Si in groundwater in the United States is reported to be 17 mg L -1 (Davis 1964 ). Arsenic (As) was detected in all groundwater samples in the concentration range from 0.26 to 7.1 lg L -1
. The As concentrations were lower than the environmental quality standard of 10 lg L -1 issued by the Japanese Ministry of the Environment (JMOE 2003) . Lead (Pb) and Chromium (Cr) were detected in some water samples with concentrations ranging from below DL to 3.3 and 5.2 lg L -1 , respectively. The levels of Pb and Cr were also lower than the quality standard limits by JMOE (JMOE 2003) . The average Mn concentration was 82 lg L -1 . While the Mn level in drinking water is not yet restricted in Japan, the maximum Mn concentration recommended in public water supplies in the United States is 50 lg L -1 . However, there is still no legal limit provided by the U.S Environmental Protection Agency (Hem 1989) . All the Mn concentrations were lower than 400 lg L -1 that is given in the WHO drinking water guideline (WHO 2011) .
Chemical composition of groundwater depends on many factors such as geochemical properties of local geology. It can thus vary markedly between aquifers and between wells. Figure 6 shows differences in distributions of the trace element concentrations between aquifers and wells. The average concentrations of Li, Fe, Mn, Ni, As, Se, and Si in the C1 aquifer were higher than those in the C2 aquifer whereas the average B concentration was lower in the C1 aquifer than that in the C2 aquifer (Fig. 6) ND not detected (under detection limit) between the two aquifers. The composition of trace elements in groundwater is determined by mineral dissolution and/or precipitation, and sorption/desorption from particles/minerals (Mason 2013) . Redox reaction and changes in microbial activities within the aquifer can also lead to differences in concentrations especially for the trace elements that are easily transformed between oxidation states. The DO in the C1 aquifer was lower than that in the C2 aquifer (Fig. 4) . The differences in DO could lead to the differences in microbial activities and oxidation/reduction reactions especially for oxidation/reduction sensitive elements such as As, Fe, and Mn. (Hem 1989; Chen et al. 2007; Shand and Edmunds 2008) . Chen et al. (2007) also reported that reduced groundwater exhibited higher Mn concentrations. Although Mn and Fe both precipitate in oxidation processes in weathering environment, divalent manganese is more stable towards oxidation in water compared to ferrous iron (Hem, 1989) . In natural water systems, dissolved manganese will be at the 2? oxidation state. The C1 aquifer had lower DO than the C2 aquifer, which resulted in higher concentrations of soluble Fe and Mn in the C1 aquifer as compared to those in the C2 aquifer (Fig. 6 ). Although As solubility in oxidizing condition is higher than that in reducing condition (Weiner 2013) , As is also strongly adsorbed and coprecipitated with iron and manganese oxides/hydroxides available in groundwater. As was then released from those materials under reducing condition (Anawar et al. 2003; Shand and Edmunds 2008 ) in groundwater in aquifers C1 and C2 of wells W1-4 of As under reducing condition, further investigation will be needed to understand more detailed mechanisms.
Time series analysis shows that the autocorrelation coefficients of most of elements at different time lags were insignificant at a confidence level of 0.01, and the absolute correlations were rather low (\0.5) except for Al, Cr, Ni, Cu, Se and Sr at certain lags (Table 2) . It indicates that the variations of the trace elements in the aquifers did not have clear temporal trends (Fig. 5) . The element concentrations were controlled by many parameters such as hydrological condition, physical and chemical conditions of groundwater and local rock, soil etc. at different temporal scales. From the time series analysis, it can be concluded that the element concentrations were independent of time.
Al, Cr, Ni, Cu, Se and Sr have higher correlations (C0.5) at the initial lags of 2 or 4 weeks, although the correlations were rather low (B0.73). There are almost no correlations after 10-12 weeks (Table 2) indicating that there are no clear seasonal trends in these element concentrations. The correlations of Al, Se, and Sr gradually decreased with time, and their ranges are about 12, 8 and 6 weeks, respectively (Table 2 ). It suggests weak temporal trends for Al, Se and Sr concentrations.
Although there were no clear trends in the temporal variation of all elements, the concentrations of several elements such as B, As, Cu, Se, Cr, and Pb largely varied between 35 and 45 weeks that corresponds to June 1-August 1 in the summer season in Japan (Fig. 5 ). There were also several anomalous concentrations during this period. The changes were possibly caused by the dissolution/sorption of these elements from/to minerals and soils due to a higher groundwater consumption in the summer in Fuchu city. The higher water consumption altered the faster renewal rate of local groundwater. The new groundwater could have different element concentrations, and it could interact with local minerals and soil through dissolution/sorption processes. These processes may be responsible for the large variations in the element concentrations in the summer. The dissolution/sorption rates depend on the concentrations and the characteristics of each element in minerals and soil thus the changes in the concentrations were different among elements (Fig. 5) . Further studies on the dissolution of elements from minerals and soils are needed to verify this assumption. Figure 5 shows that several concentrations of Cu and Pb in the summer were significantly higher than concentrations in other periods. The higher concentrations of Cu and Pb and several elements in the summer were also observed in Shenzhen groundwater in China (Chen et al. 2007 ) and Chenai groundwater in India (Ramesh 1999) .
Correlation between variables
A number of studies reported that there are some degrees of correlation among elements in groundwater. Elements with similar transport characteristics or same origin are subject to higher correlations. A correlation matrix among the elements obtained in this study is shown in Table 3 . There are relatively higher correlations between Li and B (r = -0.73), Li and Si (r = 0.62), Ni and Al (r = 0.67), Ni and Sb (r = 0.79), As and Fe (r = 0.52), As and Se (r = 0.68), As and Si (r = 0.69), and Pb and Cu (r = 0.60), all at a significance level p \ 0.01. However, Cr has no significant correlation with other trace elements (r \ 0.3); therefore Cr was not included in the subsequent multivariate analyses. Chen et al. (2007) found that there are significant correlations between Cr and As (r = 0.81), and Pb and Cu (r = 0.82) in groundwater from coastal areas of Zhenzhen, China. Differences between the findings of Chen et al. (2007) and this study indicate that correlations among trace elements are not only depended on chemical properties but also local groundwater hydrochemical conditions. It should be also noted that correlations among elements tend to decrease as the scales of study sites increase especially when groundwater chemistry varies markedly with scale. For example, Shyu et al. (2011) reported that there are no significant correlations among heavy metals such as As, Cd, Cr, Cu, Pb, and Zn collected from 319 regional monitoring wells in Taiwan.
Principal component analysis Table 4 shows the loadings of each trace element in the three extracted principle components (PC). Figure 7a is the loading plot for the two major components, PC1 and PC2. The first three PCs can explain 61.3 % of the total variance. The other principal components account less than 8 % of the total variance respectively thus they can be ignored. The PC1, which explains 24.7 % of the total variance, consists of Li, B, Mn, Fe As, and Si. Trace elements in groundwater should reflect the physical and chemical characteristics of the groundwater such as local temperatures, groundwater sources, chemical compositions of aquifer materials and weathering reactions (Tanji and Valoppi 1989) . Among them, the chemical composition of the rock, one of the major aquifer materials, was reported as one of the major factors influencing groundwater chemistry (White et al. 1963) . In this study, Si has Figures in bolditalics indicates absolute values greater than 0.5 and the correlation is significant at the 0.01 level (2-tailed) the largest loading (0.855) in the PC1. There is a strong linear relationship (r = 0.98) between the PC1 loadings and correlation coefficients between Si and other trace elements (Fig. 7b) . It suggests that the trace elements in the PC1 are controlled by the silicate minerals. Trace elements in the PC1 such as Li, B, Fe and Si, may originate from igneous rock minerals with a high silicate content (Hem 1989) , which were indeed found in Kanto Mountains (Takei 1975) . Concentrations of Si in groundwater at neutral pH are controlled by chalcedony, an amorphous silica phase (Appelo and Postma 2005; Shand and Edmunds 2008) . Manganese, another element in PC1, is not an essential constituent of any common silicate rock minerals but it can substitute for Fe, Mg or Ca in the silicate structures (Hem 1989) . Silicate was also reported as one of the major phase containing As in groundwater (Anawar et al. 2003) . This supports the dominance of Si among the trace elements in the PC1. A study on groundwater quality in Pico Island in Portugal (Cruz and Silva 2000) found that the dissolution of silicate minerals was responsible for changes in groundwater chemical compositions. Furthermore, the elements in the PC1 are known for their mobile properties in groundwater. Groundwater in the study area is neutral and slightly aerobic. Under such conditions, dissolved boron mainly exists as uncharged species in a form of monomeric or polymeric species of boric acid, H 3 BO 3 or written as B(OH) 3(aq) . Dissolved Si mainly exists in a hydrated form as H 4 SiO 4 (aq) or Si(OH) 4 , and Si neither presents as any ionic species nor extensively absorb to other mineral surfaces (Hem 1989) . Both Li and B are considered as inert solutes in groundwater, thus their isotopes 6 Li and 11 B have been used as groundwater tracers in many studies (Hogan and Blum 2003; Négrel et al. 2010 ). This suggests higher mobility of Li, B, and Si in groundwater.
Mn, Fe, and As are sensitive to the ORP condition in groundwater (Weiner 2013 (Langmuir 1997; Shand and Edmunds 2008) . Under aerobic condition, dissolved As is more stable than dissolved Fe and Mn, which also agreed with the loadings in PC1: As [ Fe [ Mn (Table 4) . Li, As, Fe, Mn, and Si, which have positive loadings, are associated with the higher concentrations in the C1 aquifer as compared to the C2 aquifer (Fig. 6 ). As shown in Fig. 4 , ORP and DO of the C1 aquifer were lower than those of the C2 aquifer.
B has the only negative PC1 loading (-0.770 ). This may be related to its solubility in groundwater in the presence of Si. B is negatively correlated with Si (r = -0.56) ( Table 3) . As both Si and B exist in soluble uncharged molecules in groundwater, they presumably have similar properties. The richness of Si in groundwater therefore may result in less availability of B due to competitive solubility. This can explain the negative correlation between Si and B, and the negative loading of B in the PC1 (Table 4) . Correlated-mechanism between Si and B is still very limited in literature, thus further studies are needed to clarify their relationship.
The PC2 includes Al, Ni, Cd and Sb and explains 21.2 % of the total variance. Al has the largest loading in the PC2 (0.849). The loadings of the other elements in the PC2 strongly correlated (r = 0.977) with the correlation coefficients with Al (Fig. 7c) . This suggests that the elements in the PC2 are largely influenced by Al in the groundwater. The PC2 is a group of the trace elements that may not be sensitive with reduction/oxidation processes. At neutral pH, the predominant form of aluminum is the anion Al(OH) 4 -. As the oxidation states of Al, Ni, Cd, and Sb do not change within the common range of ORP found in natural water, ORP does not significantly affect their solubility unlike Fe, Mn and As (Weiner 2013) . Because of similarity in geochemical behavior, Al and Ni co-occurred in the groundwater sample (r = 0.67, see Table 3 ). This result agreed with co-occurrence of Al and Ni in different types of aquifers in the United States during 1992-2003 (Ayotte et al. 2011) . The PC3 consists of Pb, Cu and Se, and explains 15.4 % of the total variance. The PC3 represents trace elements that are immobile in groundwater. Concentrations of Pb, Cu and Se were all low. The average concentration of Pb, Cu, and Se were 0.3, 3.7 and 4.7 lg L -1 , respectively. The low concentrations and relatively unstable characteristics of Pb, Cu and Se are readily explained as a result of their strong sorption on organic and inorganic sediments, clays, minerals, and co-precipitation with other element's oxides (Chang et al. 1984; Weiner 2013 ). Because of their strong sorption and co-precipitation characteristics, Pb, Cu and Se have longer residence periods in aquifers.
The difference between the C1 and C2 aquifers were significant for Li, B, As, Si, DO and ORP, but insignificant for pH and EC. The differences may also be attributed to differences in residence periods between the two aquifers. Overall, the PCA classified the elements into groups representing different hydro-geochemical characteristics in the groundwater.
Hierachical cluster analysis
The results of HCA for classifying the elements and the aquifers are presented in Fig. 8a , b, respectively. There were three main groups of elements over all the groundwater samples collected during the monitoring period (n = 154). The first cluster (As, Si, Li, Mn, Fe) and the second cluster (Ni, Sb, Al, Cd) contained the same elements in the PC1 (except B) and in the PC2, respectively. The third cluster (Cu, Pb, Cu, Se, Sr, B) contained all the trace elements that are in the PC3. All the elements in the same PC are classified in the same or fairly close clusters in HCA. It confirms the similar properties among the trace elements within the same PC.
HCA for the aquifers and the wells are then presented in Fig. 8b . Most samples collected from the same aquifers or wells are classified into the same or closer clusters. About 77-84 % of the samples collected from the C1 and C2 aquifers are classified into the two separated clusters (Fig. 8b) . This indicates that there are similarities in trace element distributions among the samples collected from the same aquifer or well and implies that distinct differences in trace element distributions between C1 and C2.
Multivariate analysis and its application
The element concentration variations shown in Fig. 5 highlight the complexity of the element distributions as well as the temporal variations. The multivariate analysis can significantly reduce the number of variables to a few principal components. Because of the multiple dimensionalities in variations, the application of multivariate analysis on element concentrations at each specific time could lead to a failure in recognizing true element groups and/or clusters in the study area. As the multivariate analysis was conducted based on the element concentrations at different times in a year, the characteristics of three identified element groups likely represent the distribution and variation of the elements in the groundwater in the studied area regardless of the time. Particularly, the complexity of the element distributions and variations in the groundwater throughout the year was simplified into three major components as represented by PC1, PC2 and PC3 in PCA. HCA confirmed the similarity of the elements in the same principal components. HCA also pointed out the similarity of the elements from the same aquifer and the same well.
Application of GSHP and its potential effects on trace element distribution in groundwater
Aquifer geochemistry and geological composition of aquifers are the major factors affecting the distributions of trace elements in groundwater. The trace elements in the C1 and C2 aquifers are characterized by silt confining layers and by sands and gravels (Fig. 2b) . Si, a major chemical component (Fig. 2b) , is known as the major element controlling the behavior of other elements in PC1.
The three principal component groups of the elements are very important for assessing changes in groundwater quality due to change in surrounding environment. For examples, intensive use of GSHP may increase groundwater temperatures. Investigation then should focus on changes in Si and Al elements since Si and Al mainly control the distribution of other trace elements in the study area. If the change in groundwater temperature affects the behavior of Si-minerals, then it alters the dissolution/sorption of other elements from/to local minerals and soils. As Si is known as a thermal element, higher concentrations of Si were found in groundwater having higher temperatures (Davis 1964) . The activity of GSHP may lead to higher concentrations of Si and the other trace elements in the PC1. A similar behavior of the elements in PC1 is also expected when GSHP is used in other sand-gravel aquifers. The three principal component groups in this study are possibly useful not only in the assessment of GSHP systems but also any other studies that focus on changes in trace elements in groundwater.
Conclusions
This study used multivariate statistical techniques to characterize concentrations of 15 elements and standard water quality observed over a year in shallow confined aquifers in Fuchu city, the western suburb of Tokyo Metropolis. All the element concentrations were lower than the environmental quality standard issued by the Japanese Ministry of the Environment. Even though the upper aquifer (C1) and the lower aquifer (C2) had similar groundwater levels, the distributions of some elements were significantly different, probably caused by differences in groundwater residence time.
Time series analysis indicated that there are no clear seasonal trends in element concentrations. Concentrations of Li, B, Fe, As, Cd, Sb, Pb and Si are independent of time while concentrations of Al, Cr, Ni, Cu Se and Sr are weakly auto-correlated with a time lag of 2 or 4 weeks which equal to 1-2 sampling-time intervals.
Principal component analyses (PCA) allowed a reduction in the original concentration data matrix into three major PCs (PC1, PC2, and PC3) explaining 61.3 % of the total variance. The PC1 consisted of Li, B, Mn, Fe, As, and Si, expressing the control of Si to other trace elements, and representing the mobile trace elements. The PC2 included Al, Ni, Cd, and Sb, expressing the dominance of Al to other trace elements, and representing ORP-insensitive properties. The PC3 consisted of Pb, Cu, and Se, representing the immobile trace elements. Two trace elements, Sr and Cr, were not associated with any principal component and showed lower correlation with other trace elements, thus, they do not represent any major physico-chemical characteristic of groundwater in the study area.
Cluster analyses showed a similarity in elements in groundwater collected from the same aquifer and the same well even though they were collected at different times. The results demonstrated that most groundwater samples collected from the same aquifer and the same well fell into the same or fairly close groups.
Future use of GSHP may alter the distribution of elements in PC1 especially the elements with relatively high loadings such as Si, As and B, thus investigation on the changes in groundwater temperature associated with changes in distributions of these elements are highly recommended.
